Background and Purpose-Ischemic stroke is an uncommon but devastating complication of myocardial infarction (MI).
I
schemic stroke is an uncommon but devastating complication of acute myocardial infarction (MI). In older series, the risk of thrombotic stroke was as high as 3.7%, 1,2 but this has diminished in recent years, possibly related to improved reperfusion or more aggressive periinfarction antithrombotic therapy. In the GUSTO-I population, 0.6% of patients experienced ischemic stroke during hospitalization and of these, 17% died. 3, 4 Previous studies have found that risk factors for ischemic stroke associated with MI include large, akinetic segments of myocardium 5 and the presence of left ventricular thrombus 6 plus other concomitant states that predispose to stroke such as atrial fibrillation, advanced age, history of cerebrovascular disease, hypertension, diabetes mellitus, and coronary artery bypass graft surgery. In addition to these established risk factors, there are also several plausible mechanisms that may contribute to ischemic stroke after an MI. During an acute MI, there is increased activity of the coagulation cascade that may last up to at least 6 months after the event. 7 In addition, there is enhanced catecholamine surge that may also lead to enhanced platelet aggregation and activation on top of diffuse vasospasm from released catecholamines. Thus, this state of hypercoagulability after an MI may lead to increased thrombosis and subsequent thromboembolic events, including stroke. Emboli may come from aorta or carotid arteries or even from the left atrium or left ventricle. There is also release of inflammatory cytokines in the vasculature after an MI. 8, 9 The circulatory inflammatory cytokines 10 may then incite a cascade of events in the cerebral circulation leading to plaque rupture and thrombogenesis with resultant thromboembolic events. As evidence of this, complex and presumably unstable carotid plaques are found to be common in patients with acute coronary syndrome (42% with unstable angina versus 8% with stable angina, Pϭ0.002). 11 It is unknown whether the timing of revascularization, with thrombolytic therapy or angioplasty, results in a lower risk of ischemic stroke in the weeks immediately after MI. It is conceivable that early interruption of myocardial injury may attenuate thromboembolic stroke risk as a result of improved myocardial salvage and a subsequent decrease in akinetic wall segments leading to a lower likelihood of ventricular thrombus formation. Additionally, infarction itself may increase the risk of ischemic stroke independent of the ultimate postinfarct architecture and function of the left ventricle such as through endocardial inflammation. We sought to investigate the link between the duration of ischemia in patients with MI and the risk of ischemic stroke while attempting to control for the extent of MI-related myocardial damage.
Methods
The National Registry of Myocardial Infarction (NRMI) 3 and 4 registries are prospective, observational databases of patients with acute MI; the registry's data collection process has been described elsewhere. 12 Briefly, the NRMI database is a registry that primarily collects detailed information regarding the immediate cardiac care of patients presenting to the hospital with acute MI. Multiple data points are collected during each patient's hospitalization, but because this is an inpatient registry, information relating to posthospital care and outcomes is not available. Stroke is defined by NRMI as "hemorrhagic," "nonhemorrhagic," or "unknown." Clinical testing that allows for the diagnosis of stroke type (eg CT, etc) is not recorded. The patients included in this study were admitted to one of 1607 participating hospitals between April 1, 1998, and January 31, 2002. Hospitals that participated in the registry enrolled all consecutive patients with MI, resulting in a total of 838 267 participants. Patients transferred into or out of a NRMI-participating center were excluded. Patients were also excluded if they had a stroke event that occurred before arrival, were missing stroke information, had a stroke classified as hemorrhagic or unknown, or were missing electrocardiographic information. After implementing exclusionary criteria, the final patient count was 455 502 patients enrolled from 1607 hospitals. In this group, 45 997 patients were treated with thrombolytic therapy and 47 876 patients underwent primary percutaneous transluminal coronary angioplasty (PTCA). Patient characteristics reported in the registry included detailed demographic data, medical history, medical therapies, and in-hospital events. The diagnosis of myocardial infarction in NRMI 3 was based on at least one of the following findings: creatine kinase or creatine kinase-MB greater than or equal to twice the upper limit of normal, electrocardiographic evidence of Q wave MI, scintigraphic or autopsy evidence of myocardial infarction, or a discharge diagnosis of MI by the International Classification of Disease, Ninth Revision, Clinical Modification (code 410.X1). In addition to the clinical findings, a discharge diagnosis of acute MI was required in NRMI 4. Data on stroke were collected on each patient. This study included only patients with ischemic stroke and excluded cases of hemorrhagic stroke, thrombotic stroke with hemorrhagic conversion, and stroke not otherwise defined.
Patients that underwent primary revascularization (thrombolytic or PTCA) were divided into groups based on the time from presentation to the initiation of reperfusion therapy. For thrombolytic therapy, four categories were prospectively defined: 0 to 15 minutes, 16 to 30 minutes, 31 to 45 minutes, and Ͼ45 minutes. For primary PTCA, three categories were prospectively defined: 0 to 90 minutes, 91 to 120 minutes, and Ͼ120 minutes. These intervals were determined before data analysis and remained unaltered. The primary end point of this evaluation was ischemic stroke.
Data Analysis
Univariate analysis was applied to assess differences in baseline characteristics across the individual categories relating to time to reperfusion. Differences in selected discrete variables were analyzed using 2 tests. A one-way analysis of variance and the nonparametric Brown-Mood median test were used for evaluation of continuous variables. A P value of Ͻ0.05 indicated statistical significance.
The adjusted effect estimate of time-to-reperfusion on the occurrence of ischemic stroke was evaluated with logistic regression analysis. Included as covariates were factors found to be significant predictors of ischemic stroke in a univariate analysis of the entire population (see Table 1 ). Odds ratio (OR) and 95% CIs for OR are included for each variable. Data on left ventricular ejection fraction (EF) were available in only 76.9% of patients with stroke. Subjects without EF assessment were excluded from the univariate and multivariate evaluations. Analysis was performed using SAS Version 8 (SAS Institute, Inc).
Results
In the group evaluated, 93 873 patients with MI underwent urgent revascularization with thrombolytic therapy (45 997) or PTCA (47 876). Ischemic stroke occurred during hospitalization in a total of 398 patients (0.42%): 248 patients (0.54%) who received thrombolytic therapy and in 150 patients (0.31%) who underwent PTCA. The characteristics of these patients are presented in Tables 1 and 2 and are well matched within all time divisions with the exceptions noted. Atrial fibrillation was present more frequently in the patients in whom primary revascularization was initiated later, although this difference was statistically significant only among those treated with PTCA.
Increase delay in revascularization was associated with an increasing incidence of ischemic stroke in both thrombolytic and angioplasty-treated patients (Figure 1) . Patients who underwent revascularization with minimal delay had a significantly lower risk of stroke than those who received therapy later. This relationship remained statistically significant for all time divisions.
By multivariate analysis, thrombolytic therapy within 15 minutes of arrival in the emergency department was associated with in an improvement in ischemic stroke risk compared with the group receiving therapy after 45 minutes (OR, 0.35; 95% CI, 0.14 -0.88) (Figure 2 ). Similar therapy delivered 16 to 45 minutes into hospitalization resulted in a nonsignificant, linear trend toward diminished thrombotic stroke risk when compared with thrombolytic therapy after 45 minutes. In the subset of patients undergoing primary PTCA, the risk of stroke rose linearly as the time from presentation to first balloon inflation increased, but this trend was not statistically significant between the time interval groups in the multivariate analysis.
To determine whether the relationship between early revascularization and decrease ischemic stroke risk was associated with improved left ventricular function, several markers of infarct size were included in the multivariate analysis: the number of electrocardiographic leads with ST-segment elevation; the presence of congestive heart failure or cardio-genic shock during hospitalization; and left ventricular EF at discharge. Inclusion of these confounders did not alter the favorable relationship between early revascularization and diminished stroke risk.
Discussion
The pathophysiology that leads to ischemic stroke in the weeks after MI is likely multifactorial. Certainly, other pathologic states are frequently present in the MI population that predispose patients to cerebrovascular thrombotic events such as atrial fibrillation, history of cerebrovascular disease, and the hematologic and mechanical perturbations that accompany coronary artery bypass graft surgery. In the absence of these clear risk factors, the relationship between acute MI and subsequent development of ischemic stroke is somewhat elusive. The traditional explanation for this association implicates the role of an akinetic segment of left ventricular myocardium that predisposes to mural thrombus and subsequent embolism to the cerebral circulation. This progression of events is supported mainly by the findings of smaller trials showing that the presence of ventricular mural thrombus is a marker for an increased risk of ischemic stroke 6, 13 along with studies that strengthen the association between low EF and stroke in the chronic phase. 5, 14 Anticoagulation after MI reduces the chance of ischemic stroke, 1,3,15,16 but it is not known if this intervention decreases stroke rate solely by diminishing the likelihood of the formation of mural thrombus or by limiting its embolic potential. Our data suggest that the risk of thromboembolic stroke increases linearly with prolonged myocardial ischemia and that this risk seems to persist regardless of the extent of myocardial damage. Early revascularization, whether by thrombolytic therapy or PTCA, confers protection against the development of ischemic stroke during the index hospitalization. The relationship between delay in revascularization and ischemic stroke appears to be independent of size of infarction, the presence or absence of shock or congestive heart failure, and EF seen at time of discharge and therefore invokes the possibility of a mechanism for stroke risk that does not depend on ventricular structure. We note that an infarction of the inferior wall of the ventricle was far more common in the 0-to 15-minute thrombolytic group, but this factor was considered in the multivariate analysis and seemed to not affect the predictive power of early thrombolytic therapy on stroke risk.
The earliest therapy with a thrombolytic agent appears to confer the greatest relative advantage in stroke prevention. This is likely the result of the very rapid reperfusion attendant with aggressive thrombolytic therapy and is not related to any direct effect of the drug on inhibition of cerebral thromboembolism. If the latter were true, we would observe a lower stroke rate among patients receiv- . OR for ischemic stroke in patients undergoing urgent revascularization (thrombolytic therapy and percutaneous transluminal coronary angioplasty) for myocardial infarction based on multivariate analysis of other risk factors for stroke. PTCA indicates primary percutaneous transluminal coronary angioplasty. 1 Compared with door to primary PTCA Ͼ120 minutes. 2 Compared with door to thrombolytic Ͼ45 minutes.
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ing thrombolytic therapy across all intervals of time to treatment (Figure 1 ). Myocardial infarction is known to accompany a diffuse hematologic milieu of enhanced thrombosis and amplified inflammatory mediators. It is conceivable that ischemia itself induces a systemic procoagulant effect, thereby facilitating thrombus formation and embolization from the aorta or carotid arteries, or even from the left ventricle (irrespective of the degree of sustained wall motion abnormality). In patients with acute coronary syndromes-but not in patients with stable coronary disease-markers of a hypercoagulable state such as prothrombin fragment 1ϩ2 and fibrinopeptide A 7 become elevated and remain so for months.
Alternatively, ischemia may provoke the release of inflammatory cytokines that trigger the destabilization and rupture of plaques in the remote cerebral circulation. Even short periods of ischemia are adequate to stimulate the activation of neutrophils 17 and the synthesis of acute phase reactants. 10 In unstable angina, the presence of diffuse inflammation of the coronary vasculature has been suggested by the finding of diminished neutrophil myeloperoxidase in serum samples extracted remote to the affected coronary segment. 8 Acute mediators of inflammation may serve as both markers of plaque instability and propagators of it. C-reactive protein has been shown to exhibit both a procoagulant effect-by stimulating PAI-1 18 and tissue factor 19 expression-and a direct proinflammatory effect. 20 Serum C-reactive protein levels rise in response to myocardial injury 21 to a degree that is attenuated by early patency of the infarct related artery. 22 Direct evidence that hematologic factors stimulated by ischemia or injury have a direct bearing on endovascular structure is suggested by the finding of diffuse plaque instability in remote coronary segments of patients with acute MI 23 and the presence of multiple fissured, complex plaques in patients with non-ST-elevation acute coronary syndromes. 24 -26 Consideration should be given to the possibility that enhanced thrombotic tendency or diffuse intravascular inflammation contribute to thrombus formation inside or outside the ventricular cavity with subsequent cerebral embolization or rupture of a vulnerable plaque in the remote cerebral circulation and that these dynamic factors are potentiated by progressively longer periods of myocardial ischemia.
Limitations
Despite the large number of patients in the NRMI databases, the absolute number of patients in this analysis who underwent primary revascularization and subsequently suffered ischemic stroke is relatively small with a combined total of only 398. Further subdivision into intervals of treatment delay results in the small sample sizes noted in this analysis and constitutes the chief weakness of this study.
We used surrogate features-such as the degree of STsegment elevation on electrocardiogram, the presence of shock, and the ventricular EF on hospital discharge-to estimate the extent of myocardial injury. A more ideal measure would be the absolute value of cardiac-specific enzyme elevation, but this information was not available as part of the NRMI databases we queried. However, a close correlation has been shown to exist between the number of leads exhibiting ST-segment elevation and total serum creatine kinase in acute MI. 27 The NRMI databases provide only limited information regarding our main end point: stroke. We are unable to elucidate how the diagnosis was made in each instance (clinically, CT, other imaging, etc), the location and extent of the stroke, and what type of therapies were used in response to the cerebral event. Finally, the NRMI databases tracks the hospital phase of care only. The details of long-term, out-ofhospital events and treatments are not available.
Conclusion
The risk of ischemic stroke with acute MI appears to be at least partly related to the time from initial presentation to primary revascularization therapy both in patients undergoing PTCA and in those receiving thrombolytic therapy. Early thrombolytic therapy is strongly independently predictive of a lower risk of ischemic stroke regardless of the ultimate degree of ventricular myocardial preservation.
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